SUMMARY: Factors obtained from certain S variants of Staphylococcus aureus can both increase the potency of and destroy the coagulase produced by R variants of the organism. Evidence that separate factors are responsible for potentiation and for destruction of coagulase is based on differences of pH optimum and of temperature range of the factors. Potentiation of coagulase is most marked below pH 7 and occurs a t temperatures ranging from 9" to 37'. The optimum pH value for destruction is between 7 and 8 , and it does not occur a t 9". There is evidence, though incomplete, that both factors are enzymes. In the course of both potentiation and destruction the mode of clotting by R coagulase is altered from a granular to a solid type. Some properties of the factors and their partial purification are described and their possible mode of action is discussed.
It has been shown (Smith, Morrison & Lominski, 1952) that high yields of coagulase are obtained from R variants and low yields from S variants of Staphylococcus aureus ; furthermore, a proportion of the S variants weakly coagulase-positive or coagulase-negative, produce a factor capable of destroying coagulase (Lominski, Smith & Morrison, 1953) . The present paper describes the observation that the culture fluids which destroy coagulase can under certain conditions potentiate, i.e. increase the activity of coagulase produced by R variants; an account is also given of some properties of the potentiating and the destroying factors.
There is evidence that potentiation and destruction are due to two different agents, and although complete proof of this is lacking it is expedient to consider them separately. The evidence also suggests that both agents are enzymes; however, again in the absence of definite,proof, the word 'factor' is used in preference to enzyme and the agents are referred to as the coagulase-potentiating factor (CPF) and the coagulase-destroying factor (CDF). The terms potentiation and destruction by the factors are used descriptively in a broad sense and do not imply that a simple action of CPF or CDF necessarily takes place.
METHODS
Preparation of coagulase. R variants of either of two strains of Staphylococcus aureus (5R and RR) were inoculated heavily into 25-40 ml. volumes of meat extract broth (pH 7-44) in 120 ml. flat bottles and incubated horizontally a t 37". After 4 days the cultures were spun and the cells discarded. Alternatively, 18 hr. growths on sloped agar in similar 120 ml. bottles were suspended, each in 5 ml. of saline, and the cells removed by centrifugation. The coagulase-containing fluid was used, either passed through a Seitz filter or with the addition of 0.05% (w/v) of Thiomersalate (B.D.H.), and after adjustment of the pH to 7 was stored either frozen or at 4".
Plasma. Human blood-bank plasma containing c. 0.4 yo (w/v) sodium acid citrate and 0.6% (w/v) glucose was used a t a final dilution of 1/10 in saline.
In all experiments 0.05 yo (w/v) of thiomersalate and in some experiments also 10 i.u./ml. of heparin (Liquemin, Roche) were added.
Estimation of potency ofcoagulase. The clotting time was found to be related to the concentration of coagulase within a wide range of dilutions at a given pH value. Accordingly clotting times were used in most experiments as a measure of potency of coagulase. The tests were carried out at room temperature (c. 15-20') in 1 ml. volumes of a mixture of equal parts of coagulase and of 1/5 plasma, in 4 x 3 in. test-tubes. The tubes were tilted through $5" from the vertical every 10 sec. for clotting times under 3 min., then every 15 sec. up to 15 min., every minute for the next 30 min. and every 15 min. up to 6 hr. The clotting times of various coagulase preparations, at a dilution of 1/2, ranged from 30 sec. to 1 min. 30 sec. The potency of coagulase was also estimated in terms of the highest dilution still giving a clot after 24 hr. at 37"; this ranged from 1/2000 to 1/16,000 according to the specimen. The smallest amount of coagulase still giving a clot is referred to as the minimal clotting dose.
Isolation of variants. Coagulase-destroying variants of Staphylococcus aureus were isolated as previously described (Lominski et al. 1953) . Colonies showing on chocolate agar (10 yo, v/v, horse blood agar heated at 80" for 10 min.) large zones of clearing were first selected; a large number of such colonies were cultured and tested for coagulase destroying activity; those found active were replated and the most active colonies again selected.
Preparation of CPF-CDF. The coagulase-destroying S variants were grown for 18 hr. at 37' on agar slopes in 120 ml. flat bottles, and the growth of each suspended in 3-4 ml. of saline. Alternatively, 40 ml. meat extract broth in 120 ml. bottles were inoculated and either incubated standing at 37' for 4-5 days or shaken (150 oscillations/min.) for 2-3 days at 25". From both suspensions and cultures the cells were removed by centrifugation and the supernatants used : such material is referred to as CPF-CDF. In some experiments the supernatant fluids were passed through Seitz or sintered glass filters. Unfiltered material was used with 0.05 yo (w/v) of Thiomersalate.
Partial purification was obtained by precipitation with ethanol or ammonium sulphate in the cold.
Equal parts of coagulase and CPF-CDF were mixed; samples of the mixture were removed a t intervals and their clotting times measured. A shortening of clotting time indicated potentiation, and a lengthening destruction of coagulase. Controls consisted of a mixture of coagulase with saline, broth or buffer broth. The tests were made a t c. go, 18-20', and 37". The pH values used were from 6.0 to 8.5. When undiluted reagents were used they were adjusted to the required pH value with acetic acid or sodium hydroxide. (Hendry, 1948) .
Quantitative measurement of CPF and of CDF. Dilutions of CPF-CDF were mixed with a constant amount of coagulase and left for 24 hr. at a pH value and temperature appropriate respectively for potentiation (CPF) or destruction (CDF). The clotting times of the mixtures were then measured; the greatest dilution which caused a shortening or a lengthening of clotting time by more than 5 0 % was taken as the titre.
RESULTS

Production of CPF-CDF
Variants capable of destroying coagulase were isolated from 16 of 20 strains; half were old laboratory cultures and half freshly isolated and all came from human lesions. I n some strains the variants were readily found on primary isolation, whereas in others they were seen only after repeated plating. The activity differed considerably from strain to strain and from colony to colony within a variant. Of the strains capable of destroying coagulase four, including the Oxford strain and a variant of the coagulase producing strain 5R, were tested for potentiation and found to be active. Variants of two laboratory strains (KSc and WSc) were found most active and stable, and so were used chiefly as source of CPF-CDF.
The variants grew as smooth medium-sized colonies. They were actively proteolytic (rapid liquefaction of gelatin and peptonization of milk), and on chocolate agar their colonies were surrounded by a zone of clearing. Their phage patterns were reported by Dr R. E. 0. Williams to be identical with those of the corresponding R variants.
All but one of the variants were coagulase-positive by the standard test (Fisk, 1940) ; even the ' coagulase-negative ' variant grown a t room temperature in the presence of plasma produced a small clot in 2-3 days. However, no coagulase or only traces were present in the CPF-CDF preparations, i.e. in 4-5 day broth cultures or washings of agar slope cultures.
Both CPF and CDF were extracellular. Best and most consistent yields were obtained from agar slopes; broth cultures gave less good results, the best being obtained from cultures shaken at 25". Increasing the surface of broth cultures exposed to air by horizontal incubation at 37" led to a decrease in both CPF and CDF activities; when bottles were almost full and closed with screw caps only a trace or no CYF-CDF was formed, despite good growth; peptone water cultures (2 and 4y0, w/v) showed either traces or no activity.
So far CPF and CDF have always been found together; numerous estimations of their respective titres carried out in the hope of finding preparations differing in the proportion of the two factors have failed to dissociate them. The CPF-CDF titre measured on dilute coagulase of the same strength under optimum conditions varied from 1/128 to l / l O O O for agar slopes; in broth i t was generally lower.
Effect of CPF-CDF on the mode of clotting
With coagulase produced by R variants, the first sign of clotting is the appearance in plasma of fine granules which slowly coalesce and ultimately form a solid clot. When R coagulase has been acted upon for some time by CPF-CDF its mode of clotting is altered; instead of passing through the granular stage there is a sudden increase in viscosity followed almost instantaneously by the formation of a solid opaque clot; this clot formation resembles that obtained with an excess of thrombin. The change in the mode of clotting occurred at all pH values between 6.0 and 8.5, at all temperatures from 9 to 37" and with all coagulase preparations, whether undiluted or diluted coagulase was used, and regardless of the nature of the diluent.
Potentiation of coagulase
In the early stages of the work attention was focused on the destruction of coagulase; the tests were carried out at the natural pH value of the reagents (c. pH 7-7.4) at 37" and undiluted coagulase preparations with a short clotting time were used. Under those conditions, a slight decrease in clotting time was occasionally observed shortly after mixing coagulase and CPF-CDF ; this was immediately followed by a progressive destruction of coagulase. The shortening of clotting time was a t first thought to be an experimental error, and it was not until pH value, temperature and amount of coagulase used were varied that it was realized that in fact two opposite reactions-a shortening and a lengthening of clotting time-were taking place. Further work enabled the conditions to be defined under which potentiation of coagulase is most marked and most easily observed. It was found that potentiation was greatest when dilute coagulase giving a clotting time of more than 4 min. was used (for practical reasons the clotting times were chosen not to exceed 10 min.). Maximum potentiation was obtained only below pH 7 ; it occurred at all temperatures tested but was fastest at 37". At temperatures higher than 9", especially above 2O", potentiation was sooner or later followed by destruction. Table 1 gives the results of a typical experiment.
It can be seen from Table 1 that a t pH 6.7 CPF doubled the activity of coagulase (as measured by clotting times) and that at low temperature there was no subsequent destruction. This finding made it possible to confirm by titration the twofold increase in the potency of coagulase. A mixture of coagulase and CPF-CDF, a t the time of maximum potentiation, was titrated against plasma under conditions which prevented destruction (pH 6.7, temperature go, and undiluted plasma for its inhibitory effect on destruction). Under those conditions potentiated coagulase clotted at a dilution twice as high as the control.
Undiluted coagulase could be potentiated only to a slight degree. It seemed possible that, owing to the increased reaction rate in the presence of large amounts of coagulase the moment of maximum potentiation was being missed. Experiments done at 9" where the reaction proceeds slowly, and using dilute The titre of the coagulase used in this experiment was 18000; the titre of CPF-CDF was 1256.
g, f and s denote granular, flocculent and solid clot. * Concentrations before the addition of plasma.
t At p H 7.6 the clotting times are longer, especially with more dilute coagulase.
The degree of potentiation was found to be independent of the amount of non-coagulase protein present in the coagulase preparation; it was the same with coagulase preparations obtained from broth cultures, saline washings of agar cultures and with coagulase partly purified by the acid, ammonium sulphate and ethanol precipitation method (Tager, 1948a) . In the majority of experiments the degree of potentiation did not much exceed a doubling in potency. However, preliminary experiments suggest that under certain conditions fractionation of CPF with ethanol may yield preparations which potentiate coagulase up to four times. Clotting time niin. sec. Table 1 ; a different batch of coagulase and of CPF-CDF was used.
Properties of potentiated coagulase
, 4 coagulase preparation on which CPF had acted differed from the original coagulase preparation, not only in its mode of clotting, but also in that its clotting time could not be shortened again by the addition of more CPF.
Other things being equal, the amount of coagulase surviving heating depends on the initial potency of the preparation. The heat sensitivity of potentiated coagulase was therefore compared with that of untreated coagulase. The loss of activity, on heating at 80" at pH 7, for periods of time from 5 to 20 min. was found to be identical with potentiated coagulase and untreated coagulase of the same clotting time.
The reaction rates of potentiated coagulase and of untreated coagulase with ' activator ' (Smith & Hale, 1944) were also investigated. The activator was prepared by a slight modification of the ammonium sulphate method (Tager, 1948 b) . It was found that potentiated coagulase reacted with activator a t the same rate as untreated coagulase of the same clotting time and formed ultimately the same amount of ' activated coagulase '.
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Destruction of coagulase With both undiluted and diluted coagulase, destruction was shown by a lengthening of clotting time which progressed to a total disappearance of clotting power ; with undiluted coagulase the destruction rate was greater. Destruction was fastest at temperatures above 20" and a pH value above 7 : when both pH and temperature were low, destruction was negligible. Below pH 7.6 and especially at temperatures lower than 37" destruction was preceded by some degree of potentiation. Table 1 shows destruction at 20" and 37", and pH values of 6-7 and 7.6.
Destruction of coagulase was also demonstrated by titrating the amount of coagulase left after interaction with CDF. This was done by altering the pH value from 7.6 to 6-7 and carrying out the titration at 9" on undiluted plasma. The results obtained in this way confirmed those of clotting times.
Role of plasma With occasional specimens of plasma potentiation of coagulase could not be fully demonstrated. All the samples in question inhibited untreated coagulase and gave long clotting times when tested with a standard preparation.
Properties of CPF-CDF
Strain speciBcity. CPF-CDF produced by variants of all four strains potentiated and destroyed coagulase produced by the two R variants.
Filtrability. CPF-CDF passed without loss of activity through Seitz filters and sintered glass filters (0.9 p.).
Heat resistance. Heating at 100" for 5 min. decreased the activity of both factors to about half the initial value; heating for 20 min. left approximately 5-10 yo activity.
Inhibition. Both CPF and CDF were considerably but incompletely inhibited in the presence of whole human, ox serum or 'refined' globulin preparations (of diphtheria and Clostridium zuelchii antitoxic sera), but not by the soya-bean trypsin inhibitor (Kunitz, 1945-6 ).
Temperature and pH optimum. The value of the data in these respects is necessarily restricted since in most experiments the two reactions of potentiation and destruction were bound to have run concurrently. The action of CPF was approximately 12 times faster at 37" than a t 9". CDF activity increased slowly with increase of temperature and there was a strikingly sudden increase of activity between 20" and 37"; higher temperatures were not tested. At 9" there was no evidence of CDF activity.
The optimum pH value for CPF lay between 6 and 7; the optimum for CDF
P o t e n t i a t i o n and destruction of coagulase 453
between 7 and 8. The curve of activity of CDF showed a steeper fall on the acid side than on the alkaline side but some destruction took place even a t pH 5-6.
Partial purijcation of CPF-CDF
Saline washings from agar slopes were used as starting material. By ammonium sulphate precipitation maximum activity was found in the 60 yo and the 70 yo saturation fractions. With ethanol (pH of material 7, precipitation for 12 hr. a t 8 " ) the maximum activity was in the fraction between 40 and 75 yo (v/v) ; the fraction redissolved in the original volume of saline showed half the activity of the crude material but its nitrogen content was decreased from 0.494 mg./ml. to 0.007 mg./ml. Separation of CPF from CDF by either ammonium sulphate or ethanol precipitation was not achieved.
The nature of CPF and CDF
An attempt was made to examine whether potentiation and destruction are enzymic processes by comparing the activity of CPF-CDF which had acted on several successive additions of coagulase, with that of a control preparation diluted to the same extent. CPF-CDF was allowed first to potentiate and then to destroy 2000 minimal clotting doses of coagulase at pH 6.7 and a t a temperature of 20" for potentiation, and at 37" for destruction; this was repeated three times. On the fourth addition the rate of potentiation and destruction was identical with that of the control preparation of CPF-CDF brought to the same dilution.
In another experiment potentiation was allowed to proceed to its maximum at pH 6.7 at 20"; the material was then diluted 40 times with buf'fer broth pH 6.7 (thus minimizing the effect of coagulase present on clotting time) and used for potentiation of a fresh lot of coagulase. The rate of potentiation was again found identical with that of the control preparation of CPF-CDF similarly diluted. These observations support the idea that CPF and CDF may be enzymic in nature.
The distinction of CPF-CDF from gelatinase and casein protease Variants which produce CPF-CDF appear on the whole strongly proteolytic (much more so than the corresponding R variants). They liquefy gelatin and peptonize milk rapidly; the zone of clearing formed around their colonies on chocolate agar is presumably also due to proteolysis. CPF-CDF preparations attacked casein, globulins, peptones, fibrinogen and gelatin with liberation of ninhydrin-positive material. Attempts to separate CPF-CDF from the proteolytic enzymes present in the material by fractionation failed. It proved possible, however, to distinguish between CPF-CDF and gelatinase : two variants were encountered, one of which was highly gelatinolytic with no action on coagulase; the other yielded in broth cultures no gelatinase but CPF-CDF to a high titre. Also CPF-CDF was distinguishable from casein protease : cultures in peptone water had little or no action on coagulase but peptonized milk a t a dilution of 1/16, Conversely, broth cultures of the same variants, active on coagulase, were inactive on milk.
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Action of trypsin ou coagulase It is known that trypsin destroys coagulase (Tager, 1948a) ; therefore an attempt was made to see whether trypsin could potentiate coagulase. At concentrations of trypsin from l / l O O O to 1/60,000 (w/v) and pH values ranging from 6.7 to 7.6 only a progressive lengthening of clotting time and no shortening was observed; trypsin, however, altered the mode of clotting of R coagulase in the same way as did CPF-CDF preparations.
DISCUSSION
The difference in pH optimum and in the range of temperatures a t which potentiation and destruction of coagulase occur suggest that CPF and CDF are two distinct factors. It is possible to suppose the contiriuous action of one factor might account for both phenomena, but to assume two factors has meanwhile the merit of simplicity. Of course, it must be borne in mind that possibly neither CPF nor CDF is a single substance. The fact that the reaction rates of CPF and CDF appear unaffected by previous interaction with coagulase makes a simple stoichiometric reaction unlikely; along with the inhibition by globulins it renders the enzymic nature of both factors probable.
The present study yields no information as to the mechanism of the change of mode of clotting shown by R coagulase after CPF-CDF or trypsin have acted upon it. Ferry & Shulman (1949) and Edsall & Lever (1951) showed that the character of thrombin clot is affected by the presence of acetyltryptophanate, urea, guanidinium chloride and various hydroxyl compounds. A similar mechanism may operate in the case of coagulase.
The shortening of clotting time, the increase in titre, the heat resistance and the rate of reaction of potentiated coagulase with activator suggest that under the action of CPF apparently more coagulase becomes demonstrable. The possibility of the converse, namely that coagulase forms more coagulase from CPF may, we believe, be discarded since the clotting time of potentiated coagulase depends on the original amount of coagulase present and not on the concentration of CPF.
Only a very hypothetical picture of the mechanism of potentiation can be offered. Potentiation may be regarded as the result of the action of CPF either on a substance other than coagulase or on coagulase itself. The increase in potency could be the result of the removal of an inhibitor or of the formation of an accelerator; here, the accelerating action of protamirie and polylysine on coagulase clotting has been recently reported (Biezunski, Shafrir, De Vries & Katchalski, 1955) . The appearance of fresh reactive groups or the splitting of the coagulase molecule into smaller but still active fragments could also be visualized.
It is difficult to understand why undiluted coagulase, even under optimum conditions, cannot be potentiated to the same degree as dilute coagulase; it is not due to lack of an adequate amount of CPF since this was shown to be present in excess. Inhibition by either the menstruum or potentiated coagulase could account for this. ,issuming that CDF is an enzyme, the destruction of coagulase may be considered to be the result of proteolysis. The phenomenon is reminiscent of the destruction of the antigenic M protein of haemolytic streptococci by their own protease (Elliott, 1945) . The detection of coagulase has now assumed a prime significance in the identification of Staphylococcus aureus ; considerable importance has also been attributed to coagulase in the pathogenesis of staphylococcal infections (Hale & Smith, 1945; Smith, Hale & Smith, 1947) . It is tempting to think that CPF and CDF may not only occasionally play havoc with the recognition of pathogenic staphylococci in vitro, but also have a role in vivo.
Our thanks are due to Professor C. H. Browning for stimulating discussions and criticisms; to Dr R. E. 0. Williams for phage-typing our strains; to Dr W. S. T. Thomson and Mr J. Chisholm for nitrogen estimations and to the staff of the Glasgow and West of Scotland Blood Transfusion Centre for supplies of plasma. We are indebted to the Rankin Research Fund for a grant towards the expenses of the work.
